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Abstract

The ICARUS time projection chamber can yield sound information on 8B solar neutrinos. Owing to the high-energy
resolution and the good capability of event reconstruction it can make a contribution to our understanding of neutrino
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intensities and their energy spectrum. Moreover, the MSW oscillation probability for sterile and active neutrinos can be
well studied because both elastic scattering by electrons and absorption reaction on argon nuclei can be measured
independently. The main problem in detecting the low-energy neutrino interactions arises from the environmental
radioactivity. In the present work we study by Monte Carlo simulation the topology and the rates of the events, induced
by neutrinos and background neutrons, in a 470 t ("ducial mass) liquid-argon TPC detector. For neutrino interactions
we use the standard solar model BP98 and the recent experimental con"rmation of the shell model computation of
absorption cross section. The noise is estimated from new data on natural neutron background, collected in the hall C of
the Gran Sasso laboratory. It is con"rmed that, with a relatively modest neutron shielding and particular o!-line event
triggers, the weight of spurious events can be made to have little in#uence on the ICARUS solar neutrino measurement.
Indeed, we expect 6 (26) background events per year in the 212 (759) elastic scattering (absorption reaction)
sample. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 26.65; 29.40
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1. Introduction

The "ve solar neutrino experiments (Home-
stake-chlorine [1], Kamiokande [2], GALLEX
[3], SAGE [4] and Super-Kamiokande [5]), make
evident a strong suppression of the measured inten-
sities, with respect to the combined predictions of
the stellar evolution models and standard elec-
troweak theory, with zero neutrino mass. For in-
stance BP98 [6], which is considered the reference
Standard Solar Model, gives for the 8B integral #ux
the following estimation:

5.15]106(1.00`0.19
~0.14

) cm2 s~1(SSM BP98).

Compared to this prediction the intensity lack mea-
sured by Super-Kamiokande is

Data

SSM BP98

"0.474`0.010
~0.009

(stat.)`0.017
~0.014

(syst.)`0.090
~0.066

(BP 98).

Another interesting outcome is the anomaly of
the electron recoil energy reported by the Super-
Kamiokande measurement. The ratio of the
measured to the calculated number of events as a
function of the electron recoil energy increases
above 13 MeV. A possible contribution of the hep
process has been claimed to explain this surprising
e!ect [7,8].

The Homestake-chlorine neutrino experiment
has been yielding coherent results over 30 years of

operation; the GALLEX and SAGE experiments
are based on the same detection mechanism and
are directly calibrated with arti"cial neutrino sour-
ces; Super-Kamiokande is a replica on a larger
scale of the Kamiokande experiment and is in-
directly calibrated with an electron accelerator.
These considerations lead some people to exclude
unknown experimental systematic errors. All the
proposed solar models are in fair agreement with
the experimental observations concerning the solar
structure as is the case, for instance, of helioseismol-
ogy, but fail to explain at the same time the solar
neutrino problem (SNP). Hence the signi"cant sup-
pression of the solar l

%
#ux seems to provide de"-

nite evidence of new physics beyond the minimal
standard model for electroweak interactions.

Vacuum oscillations and the MSW e!ect for
active and sterile neutrinos, are among the most
promising hypotheses able to explain the lack of
neutrinos. Nevertheless a satisfactory interpreta-
tion of the experimental observations has not yet
been reached even considering the results of other
neutrino experiments such as CHOOZ [9]. A de-
termination of the solar neutrino spectral shape
could give a sound contribution to the understand-
ing of the true mechanism responsible for the neu-
trino de"cit.

The ICARUS T600 detector has some unique
peculiarities. The "rst module will be mounted and
tested before the end of 2000 [10]. It has a mass
which is only 2.1% of Super-Kamiokande, but its
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higher intrinsic e$ciency, the very good energy
resolution, and the detailed description of each
event (which allows to recognise scattering and
absoption interactions) reduces the gap between
the event rates to a factor less than 10. This detector
o!ers the possibility to obtain accurate information
on the high-energy region (above 5MeV) of the
solar neutrino spectrum and to put a constraint on
the contribution of the hep process. We note that in
the region between 10 and 19 MeV, where the hep
spectrum dominates, the ICARUS detector o!ers
an optimal track reconstruction of energy and di-
rection. Moreover, in this energy region there is
neither background from natural radioactivity nor
contamination from atmospheric neutrinos.

The present work is an updating of a previous
paper in which we studied the topology and the
rates of the solar neutrino events, including the
e!ect of the radioactivity of the rocks in hall C of
the Gran Sasso Laboratories (LNGS) [11]. The
BP98 standard solar model together with recent
measurements of the 40Ti b` decay [12] and new
data collected in hall C on the neutron natural
background [13] have been used to update the
previous predictions. It is stated that an adequate
number of events should be collected in a reason-
able time and that neutrons are the main source of
noise. From the simulations it appears that with
a convenient choice of o!-line trigger and neutron
shielding the weight of spurious events can be made
to be shown to have no in#uence in practice. The
programs GEANT, MCNP and FLUKA were
used for the simulations [14}16].

2. ICARUS T600 detector

The detector internal volume consists of two
half-modules "lled with liquid argon (LAr). The
dewar is surrounded by a 0.6m thick aluminium
and paper honeycomb which acts as thermal insu-
lator. The total dewar mass is about 50 t. We plan
to shield the top and the sides of the detector
against neutrons with a 70 cm thick layer of poly-
ethylene tubes "lled with boric acid. The sensitive
volume of each half-module is seen by two Time
Projection Chambers (TPC) with a common cath-
ode located along the central longitudinal plane

and the readout is made with three wire planes at
the lateral sides (see Fig. 1). The main parameters of
the chambers are summarised in Table 1.

The ICARUS detector will detect the neutrinos
via the elastic scattering by electrons and the ab-
sorption reaction by 40Ar nuclei. These interactions
usually result in the production of a primary elec-
tron track sometimes surrounded by lower-energy
secondary electron tracks.

Small prototypes have demonstrated that, by the
TPC technique, electrons with kinetic energy as
low as 150 keV can be detected [17]. This perfor-
mance allows a detailed reconstruction of the neu-
trino interactions. The background induced by
natural radioactivity and the need to establish the
electron direction in elastic scattering events require
a threshold for the detection of primary electrons. As
will be discussed below, this threshold is of the order
of 5 MeV for elastic and absorption events.

3. Event rate evaluations

These computations are performed by means of
the MCNP program. The LNGS hall C is approxi-
mated by a parallelepiped 20.6 m wide, 9 m high
and 100 m long, surmounted by a half-cylinder of
radius 10.3 m. The ICARUS detector is simulated
according to the scheme described above and is
located in the corner near the main entrance of the
hall. For the computation we consider the follow-
ing regions: an external neutron shielding layer,
a thermal insulating material cavity, a liquid argon
dead layer 0.35 m thick, and the sensitive volume
divided into 48 identical cells. The purpose of the
computations is to derive the background event
topology and the frequency and energy distribution
of the resulting electron tracks in the sensitive volume.

3.1. Background sources

The following background sources were con-
sidered:

(a) Natural radioactivity: The decay of 40K, ura-
nium, thorium, radon and daughters, present in the
rock or in the atmosphere surrounding the de-
tector, generate photons and can produce neutrons
by spontaneous "ssion (SF) or (a,n) reactions. The
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Fig. 1. Drawing of the ICARUS T600 detector.

Table 1
Main parameters of the readout chambers of the ICARUS
detector

Number of readout chambers 4
Number of sensitive wire planes 3

Wire orientation with respect to the horizontal 03, $603
Wire pitch 3 mm

Maximum drift length 1.5 m
Maximum drift time at 500 V/cm 1.0 ms
Sensitive volume/chamber 85.1 m3

Length 17.95 m
Width 1.5 m
Height 3.16 m

Total sensitive volume (4 chambers) 340 m3

Total sensitive LAr mass 470 ton

rock surrounding the cavern is assumed to be lime-
stone [18] with a mean density of 2.8 g cm~3,
a potassium concentration of 0.33% [19], and an

uranium and thorium speci"c activity of 1.7 and 1.9
Bq kg~1, respectively [20]. From the 40K decay,
1.46 MeV photons are produced at a rate of 3250
photons per second per kilogram of natural potas-
sium. Supposing uranium and thorium chains were
at equilibrium, 1.98 and 2.48 photons are emitted,
respectively, for each uranium and thorium disin-
tegration. The energy spectrum of these photons
extends up to 2.6 MeV. Considering the radioactive
nuclide concentrations quoted above we expect
that about 2]107 s~1 kt~1 photons of various
energies will be generated in the rock. Photons can
also be produced by neutron capture in the rock
but in an amount of several orders of magnitude
lower. Among natural nuclides, SF is important
only for 238U. Assuming for uranium the speci"c
activity quoted above, T

1@2
(SF)"8.2]1015 yr,

T
1@2

(a)"4.5]109 yr and 2 neutrons per "ssion
[21], we obtain a neutron production of
1.87 s~1 kt~1. In most of the minerals uranium is
present in an oxide form, hence oxygen is probably
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Fig. 2. Integral electron track energy spectrum generated from
photon interaction.

the main element involved in neutron production
by (a,n) reactions. Assuming that uranium is at the
equilibrium with 7 daughter alpha-emitters and
thorium with 5 daughter alpha-emitters, and that
all these nuclides have the same neutron yield of
6.5]10~8 neutrons per alpha-particle [22], we
have a neutron production of 1.63 s~1 kt~1.

(b) Radioactive pollution in liquid argon: Natural
argon could contain small amounts of 39Ar and
42Ar. The second, which is by far the most impor-
tant source of background, is supposed to be pres-
ent with a concentration of 7]10~22 atoms of 42Ar
per natural Ar atom [23].

(c) Radioactivity of structural materials: The ma-
terials constituting the dewar walls (honeycomb
panels) have been analysed for radioactive con-
tamination. From the analyses we found an upper
limit for both uranium and thorium at about 0.04
ppm. In these limits we expect 0.045 neutrons per
second from the whole dewar material. This is more
than one order of magnitude lower than the rate
due to the rock contamination.

(d) Nuclear photo-dissociation: In addition to the
natural radioactivity, the high-energy muons which
penetrate the rock, can induce nuclear photo-dis-
sociation. The neutron production rate in the rock
was estimated to be about 9]10~3 s~1 kt~1 [24].
Since this "gure is about two orders of magnitude
lower than the previous ones this way of produc-
tion is relatively unimportant. Besides, the interac-
tion of a neutron generated in LAr by a muon
crossing the sensitive volume, is accompained by
the muon track and can then be easily recognised.

From these considerations it follows that the
natural radioactivity of the rocks is by far the most
important background component, hence it was
the only radiation source considered. Particular
care was devoted to neutrons which are the only
radiation able to generate high-energy electrons in
the most signi"cant energy range of the 8B neutrino
spectrum to be searched for by the ICARUS
apparatus.

3.2. Event rates and energy threshold computations

We determined the intensity and energy distribu-
tion of electron tracks produced in the sensitive
volume.

3.2.1. Background intensity
The radiation sources were obtained from mea-

sured photon [25] and neutron [13] spectra in the
hall, which were assumed to be a projection of the
spectra of the particles emerging from the rocks.
Photons and neutrons were considered indepen-
dently.

(a) Photons: In the two external TPC chambers
(see Fig. 1) 1.8]105 electron tracks/day are fore-
seen. Going towards the detector centre the track
density decreases by more than one order of magni-
tude. The mean energy distribution of electron
tracks in the detector is shown in Fig. 2. No elec-
tron tracks are expected with energy greater than
2.4 MeV. Each event consists of a main track
possibly surrounded by electrons produced by the
interaction of bremsstrahlung photons. The distri-
bution of these events according to the energy of
the most energetic electron track is displayed in the
"fth column of Table 2.

(b) Neutrons: As said above, neutron-capture
gamma rays produce electron tracks which can
simulate all the possible neutrino interactions. The
scope of the computations is to evaluate the back-
ground intensities for each class of true events:
elastic scattering and absorption. The computation
is performed in two steps. First we calculate the
neutron capture intensity and then we estimate the
abundance of the events generated by the gamma
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Table 2
Events per year and for 470 t liquid argon detector as a function of the kinetic energy threshold ¹

5)

¹
5)

Events/year
(MeV)

Elastic Fermi Gamow}Teller Photons Neutrons

0.0000 1257 923 894 6.5700e#07 7400
1.0000 1052 906 894 1.1801e#07 3404
2.0000 858 842 878 1.0056e#06 1554
3.0000 676 719 861 696
4.0000 513 541 800 318
5.0000 372 343 683 144
5.5000 249 514
6.0000 254 167 326 66
6.5000 100 237
7.0000 163 52 159 30
7.5000 22 96
8.0000 96 7 50 13
8.5000 2 21
9.0000 50 7
9.5000 2
10.000 23

rays, classi"ed according to their nature (number of
electron tracks, energy, etc.). In the shielded de-
tector the captures occur mostly in LAr. Each of
the four TPCs, which constitute the detector, is
split into 12 equal cells in which the mean neutron
capture rate per unit injected neutron is estimated
by the MCNP program. We use as input the neu-
tron spectrum resulting from our measurement in
the Gran Sasso laboratory hall C, which is assumed
to be a projection of the neutron spectrum at the
surface of the hall. Simultaneously the neutron #ux
intensity is computed at a point of the hall far from
the detector. By comparing computations at this
point and measurements we obtain the normalisa-
tion factor, i.e., the number of neutrons injected in
the hall per second. The result is 12 s~1, which is in
fair agreement with the results of simulation con-
sidering the uranium and thorium contamination
of the rocks. The resulting capture intensities are
nearly the same in the four chambers, respectively:
6.6]10~5 s~1, 5.0]10~5 s~1, 5.3]10~5 s~1 and
6.5]10~5 s~1. Hence we expect about 7400 cap-
tures per year in the 470 t "ducial mass. Neutron
capture events in LAr are then simulated by the
GEANT program. Each event consists of a number
of tracks produced by de-excitation or by brems-

strahlung photons. The distribution of these
events according to the energy of the most energetic
electron track is displayed in the last column of
Table 2.

3.2.2. Intensity of neutrino events
We consider separately neutrino elastic scatter-

ing (ES), neutrino capture to the 4.38 MeV Isotopic
Analogue State (IAS) of 40K, which is a Fermi
transition (FT), and Gamow}Teller transitions
(GT) to several 40K levels [26]. The 8B solar neu-
trino #ux is the one foreseen by the BP98 standard
solar model.

The elastic scattering event rate at di!erent
values of the cuto! kinetic energy of the recoil
electron is computed by using the cross-section
values taken from Ref. [27]. For neutrino capture,
the shape of the cross-section (evaluated for
transition to the IAS) is assumed to be the same for
Fermi and Gamow}Teller transitions and the abso-
lute values are computed by normalisation to the
theoretical values obtained by shell model calcu-
lations [26].

The Fermi and Gamow}Teller contributions to
the neutrino absorption on 40Ar can be obtained
indirectly also from the measurements of b` decay
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Table 3
Neutrino cross-sections as a function of the minimum accepted
kinetic energy (¹

5)
)

¹
5)

Neutrino absorption cross-section (10~43 cm2)
(MeV)

Elastic Fermi Gamow}Teller

0 0.608 8.08 16.10
1 0.509 7.93 15.80
2 0.415 7.34 14.60
3 0.327 6.26 12.40
4 0.248 4.72 9.40
5 0.180 2.99 5.94
6 0.123 1.45 2.89
7 0.079 0.46 0.91
8 0.0464 0.06 0.12
9 0.0244
10 0.0110

Fig. 3. Fractional statistical error on total neutrino events col-
lected in one year data taking vs. the main electron energy
threshold.

Table 4
Fraction of neutron capture events with at least one electron
with kinetic energy greater than 5 MeV as a function of the
associated energy and Compton electron multiplicity

Associated energy
(MeV)

Electron multiplicity

0 1 2 '2

E(1 0.46 0.26 0.10 0
E51 0 0.05 0.07 0.06

of the mirror nucleus 40Ti, assuming isospin sym-
metry. Two recent experiments give slightly dis-
crepant results. One of them, described in Ref. [12],
yields cross-section values somewhat greater, while
the second [28] substantially con"rms the theoret-
ical predictions. The summary is shown in Table 3.

In order to be conservative we decided to use the
lowest cross-section values. The resulting neutrino
interaction intensities are summarised in columns
2}4 of Table 2.

3.2.3. Fractional statistical error
Combining all the data (background and true

event intensities) we compute the fractional statist-
ical error on neutrino events expected in 1 year of
data taking as a function of the kinetic energy cut
on the most energetic electron, as shown in Fig. 3.
A large plateau is evident in the 3}5 MeV interval.
In order to study the neutrino energy spectrum, it
could be convenient to assume the lowest threshold
possible, but other considerations, such as the
measurements of the electron track direction in the
elastic scattering, suggest the use of the greatest cut
value in the plateau region. Hence we chose the
5 MeV value.

The topologies of the neutron capture events in
which at least one electron has kinetic energy
greater than 5 MeV, obtained with the GEANT
program, are displayed in Table 4. Here the frac-

tion of events is shown as a function of the asso-
ciated energy and Compton electron multiplicity.
This table together with the values displayed in the
last column of Table 2 will allow the computation
of the background contamination in each class of
events.

4. Neutrino simulations

The 8B neutrinos are generated according to
the theoretical spectrum and we reconstruct their
interactions (elastic and absorption type) inside
the liquid argon "ducial volume. The GEANT
program performs the transport of gamma rays
and electrons inside the liquid argon. Every
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Fig. 4. In the top an absorption event as generated by the
GEANT Monte Carlo program is shown in two wire planes (;
and < coordinates) put at an angle of 603, the X-axis is the drift
coordinate. The projected track length is about 3 cm, the main
electron energy is 7 MeV, the associated energy is 2 MeV and the
associated multiplicity is 3. In the bottom the same event is
shown after digitisation. The grey scale of each pixel is propor-
tional to the deposited charge. The resolution in the horizontal
axis (drift direction) is 0.1 mm, and in the vertical axis is 3 mm
(wire pitch).

electron track is then digitised by the following
procedure:

(a) the deposited energy is converted in charge;
(b) the charge is drifted towards the electrodes

with an in"nite electron life time in LAr;
(c) digitised electronic signals are generated on

three wire planes placed at 603 from one an-
other, with 3 mm wire pitch;

(d) Gaussian distributed electronic noise is added
with zero mean value and 1000 electrons stan-
dard deviation. The resulting electron thresh-
old, which is strongly correlated with electronic
noise and with the sense wire pitch, is
150 keV;

(e) the digitised signals are picked up from the
noise by means of an integral-di!erential algo-
rithm;

(f) the "nal parameters (position and energy after
digitisation) are obtained by a "tting procedure
of the signals.

A Monte Carlo absorption event is shown in Fig.
4. It is characterised by the track of the primary
electron generated in the interaction, surrounded
by a number of secondary tracks produced by

photons following the 40KH de-excitation. The
simulations show that the probability of "nding the
secondary electron tracks vanishes 50 cm away
from the interaction point.

The electron su!ers strong multiple scattering
and bremsstrahlung. The deviation from the
straight line decreases with increasing energy. In
the majority of cases it is possible to reconstruct at
least the track direction for energies greater than
5 MeV, in agreement with previous statistical con-
siderations.

In summary, the signature of a solar neutrino
interaction is one electron track, with energy
greater than the threshold value, eventually asso-
ciated to lower energy tracks contained in a 50 cm
radius sphere around it. The correlation between
associated multiplicity and energy will be used to
de"ne the o!-line event triggers and to evaluate the
trigger e$ciencies e

ES
, e

GT
and e

FT
for scattering

and absorption channels.

4.1. Elastic scattering

m
%,l,s

#e~Pm
%,l,s

#e~.

The electron produced via an elastic scattering has
an angular distribution, with respect to the initial
solar neutrino direction, strongly peaked in the
forward direction and we use this signature to dis-
criminate neutrino events from background. In
Fig. 5 is shown the fraction of events (E'5 MeV)
as a function of the angle between the scattered
electron and the parent solar neutrino direction.
For instance if one chooses the tracks within a 253
cone around the sun-detector direction, the angular
e$ciency is 65%.

The fraction of the events as a function of the
associated multiplicity and energy of the secondary
tracks is shown in Table 5.

It is very important to reconstruct the main ver-
tex of the scattered electron for this kind of events.
If this were not the case, the background should be
multiplied by a factor two. In our computations the
"rst hit wire can be distinguished from the end
point of one electron with an e$ciency greater than
80%. We choose as starting point of the electron,
the wire (between the two extreme hit wires) having
the lower deposited energy. In fact the wire near the
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Fig. 5. Fraction of elastic events (E'5 MeV) as a function of
the cone angle within which the reconstructed electron direction
in space is contained; the cone axis is de"ned by the parent
neutrino direction. Three wire planes put at 603 angle and
a 3 mm wire pitch are used.

Table 5
Fraction of neutrino elastic scattering events as a function of the
associated energy and multiplicity. The data obtained after
digitisation are used

Associated
energy (MeV)

Electron multiplicity

0 1 2 3

E(1 0.880 0.073 0.008 0
E51 0 0.015 0.015 0.009

Table 6
Fraction of Gamow}Teller events as a function of the associated
energy and multiplicity. The data obtained after digitisation are
used

Associated
energy (MeV)

Electron multiplicity

0 1 2 53

05E(1 0.083 0.168 0.049 0
E51 0 0.075 0.297 0.328

end point, owing to the increase in multiple scatter-
ing, collects usually more charge than the one close
to the main vertex.

We assume the following constraints as de"ni-
tion of the o!-line trigger:

(1) primary electron energy greater than 5 MeV;
(2) the cone aperture around the real emission

direction of the electron is 253 (e$ciency
e
1
"0.65);

(3) the associated multiplicity is 0 (e$ciency
e
2
"0.88, see Table 4).

The total detection e$ciency is e
ES
"0.572. The

total elastic event expected rate will be about 212
per year (see Table 4). The contamination of neu-
tron capture events is 144 events/year (see Table 2),

which reduces to 144]0.46"66 events simulating
elastic scattering (see Table 4). The number is fur-
ther reduced to 4.7% by the angular cut (which
becomes 9.4% if we are not able to determine the
electron direction of #ight). Hence, in this conserva-
tive hypothesis, we expect 6 background events/
year in the shielded detector.

4.2. Absorption events

m
%
# 40ArP 40KH#e~.

The angular distributions of electrons exhibit
a broad peak at about 1203 and 603 for the
Gamow}Teller and Fermi events, respectively [26],
but the measured distributions are #attened be-
cause of the digitisation, so that, to a "rst approxi-
mation electron track directions can be considered
isotropically distributed.

4.2.1. Allowed Gamow}Teller transitions
In Table 6 the correlation between the associated

multiplicity and secondary electron total energy is
shown. We assume the following constraints as
de"nition of the o!-line trigger:

(1) primary electron kinetic energy greater than
5 MeV;

(2) associated energy E51 MeV, e
GT

"0.70 (see
Table 6).

The "nal expectation will be about 478
events/year.

4.2.2. Super allowed Fermi transition
In Table 7 the correlation between the associated

multiplicity and energy is shown. We assume the
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Table 7
Fraction of pure Fermi events as a function of the associated
energy and multiplicity. The data obtained after digitisation are
used

Associated
energy (MeV)

Electron multiplicity

0 1 2 53

E(1 0.032 0.039 0.018 0
E51 0 0.081 0.221 0.519

Table 8
Expected number of events per year compared with the com-
puted background rate. The numbers of events must be reduced
by a factor +0.5, if we take into account the solar neutrino
de"cit revealed by experiments [5]

Events/year

Elastic channel (E55 MeV) 212
Background 6
Absorption event contamination 5

Absorption channels 759
Background 26
Elastic event contamination 8following constraints as de"nition of the o!-line

trigger:

(1) primary electron kinetic energy greater than
5 MeV,

(2) associated energy E51 MeV, e
FT

"0.82 (see
Table 7).

The "nal expectation will be 281 events/year.
The total absorption rate will be about 759

events/year with a contamination from neutron
captures of 26 events/year (see Tables 2 and 4 with
the following requirement: associated energy E51
MeV, multiplicity 51). 8.3% of Gamow}Teller
and 3.2% of Fermi-type events can simulate the
elastic scattering sample. Taking into account the
angular cut this means a contamination of no more
than 5 events/year in the elastic scattering sample,
while the contamination from elastic into absorp-
tion sample is 3.9%, i.e., 8 events/year.

5. Conclusion

We summarise the results in Table 8, where the
estimated rates of events per year are shown to-
gether with the background rate. From this table
we conclude that a clean measure of 8B solar neu-
trinos can be performed in a reasonable data-tak-
ing time. It is important to bear in mind that this is
possible because of the low intensity of background
signals. Noise is mainly related to the neutron #ux
level in the LNGS laboratories and to the concen-
tration of contaminants (especially uranium) in the
materials which will be used for the detector con-
struction. Little more can be done to reduce the
neutron #ux. The choice of the materials must be

accurate, but purity requirements are within the
values speci"ed for industrial products which can
easily be found on the market.

Appendix A. Mixing variables allowed regions

Hence Super-Kamiokande con"rms the lack of
m
%

in the 8B neutrino #ux and presents the follow-
ing allowed regions for the m

%
Pm

l,s
MSW oscilla-

tion centred in the mixing variables:

SMA, Small Mixing Angle: sin2 2h+5.5]10~3,
*m2+5.4]10~6 eV2

LMA, Large Mixing Angle: sin2 2h+0.76,
*m2+1.8]10~5 eV2

LOW, low probability low mass: sin2 2h+0.96,
*m2+7.9]10~8 eV2.

The three scenarios for the MSW e!ect: SMA,
LMA and LOW solutions are considered in Fig. 6,
where the 8B neutrino spectrum is shown with the
corresponding yearly averaged survival probabilit-
ies, computed without taking into account the re-
generation in the Earth, which represents a small
e!ect for our purposes [29]. It is worth nothing
that the minimum probability in the SMA solution
occurs in the 7Be energy region. The consequent
spectral distortions are shown in Fig. 7.

Possible scenarios include also the existence of
sterile neutrino oscillations with sin2 2h, *m2 sim-
ilar to those corresponding to SMA for standard
neutrinos but no LMA solution [30].
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Fig. 6. The 8B #ux (right scale) is compared on the same energy
scale with the average survival probabilities (left scale) for vari-
ous MSW solutions.

Fig. 7. The spectral distortion due to the MSW e!ect is shown
with BP98 undistorted 8B #ux.

A possible way to combine the ICARUS
measurements from the two independent detection
channels, elastic scattering and absorption events
(Gamow}Teller and Fermi), is to compute the fol-
lowing ratio:

R"

NES/NES
0

1
2
(NGT/NGT

0
#NFT/NFT

0
)

(1)

where NES, NGT, NFT are the measured event rates
(elastic, Gamow}Teller and pure Fermi, respective-
ly), and NES

0
, NGT

0
, NFT

0
are the predicted event rates

in the case of standard neutrino without oscilla-
tions.

The proposed ratio is an indicator with the fol-
lowing advantages:

f it is independent of the 8B total neutrino #ux,
predicted by di!erent solar models, and of any
possible pure astrophysical suppression factor;

f it does not depend on experimental threshold
energies or on the adopted cross-section "les for
the di!erent channels.

The above introduced quantities are de"ned as
follows:

NES"USM8BP
`=

Em,.*/

dEmS(Em )

][pESm
%
(Em)P(Em )#pESm

l(s)
(Em) (1!P(Em ))] (2)

where Em is the neutrino energy, S(Em ) is the stan-
dard 8B neutrino spectrum, pESm

%
(Em ) is the elastic

scattering cross-section for electron-neutrinos
while p%-m

l(s)
(Em ) is the corresponding cross-section for

mu-neutrinos or tau-neutrinos and P(Em ) is the
survival probability for m

%
Pm

l(s)
or m

%
Pm

S
transitions. In the second case the contribution has
to be omitted. These probabilities are a function of
neutrino parameters *m2 and sin2 2h.The lower
limit in the integral is

Em,.*/
"

1

2
[¹

5)
#J¹2

5)
#2¹

5)
m

%
] (3)

where ¹
5)

is the electron threshold kinetic energy
and m

%
is the electron mass.

For Gamow}Teller and Fermi transitions the
corresponding event rates are de"ned as

NGT"USM8BP
`=

E
GTm,.*/

dEmS(Em)pGT(Em )P(Em ) (4)

where

EGTm,.*/
"¹

5)
#1.50MeV#2.29MeV

and

NFT"USM8B P
`=

E
Fm,.*/

dEmS(Em )pFT(Em )P(Em) (5)

where

EFm,.*/
"¹

5)
#1.50MeV#4.38MeV.
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Fig. 8. Iso-R curves for active neutrinos. (b) is a blow up of the
lower part of (a).

Fig. 9. Iso-R curves for sterile neutrinos.

The corresponding standard neutrino event rates
(NES

0
, NGT

0
, NFT

0
) may be obtained from the previous

formulae putting P(Em ),1.
The iso-R curves obtained from Monte Carlo

simulation, taking into account the neutrino oscil-
lation, are shown in Figs. 8 and 9 which refer to
active and sterile neutrinos, respectively.

As usual the shaded regions represent the al-
lowed regions resulting from "ve solar neutrino
experiments (Homestake-chlorine, Kamiokande,
GALLEX, SAGE, and Super-Kamiokande) for
90% and 95% con"dence level. From the "gures
we can deduce the solutions of the SNP which the
ICARUS experiment will be able to probe. These
solutions together with the R-ratio range, the level

of exclusion, and the minimal exposure time for one
module (years) are reported in detail in Table 9.

There are combinations of neutrino parameters
for which R"1, despite the MSW e!ect takes
place in the sun. Such regions cannot be excluded
by this method and represent its theoretical limit.
The experimental limit is given by the ICARUS
ability to detect a small deviation from R"1,
which is related to the statistical error and all the
experimental systematic error sources.

Taking into account only the statistical error and
the rates foreseen in Section 4, we estimate the
one-sigma relative uncertainty for R as a function
of the exposure time for one module. The results are
displayed in Table 10.

From the two tables above it is possible to say
that at the one-sigma level one module for one year
will be able to test the Active MSW-LOW solution.
Similar predictions for the other solutions are re-
ported in the last column of Table 9.

From the results above it is clear that it will be
possible to test the Active MSW-SMA solution to
the SNP with this method using one module for
three years, but there is a reasonable hope to test
the largest part of all the other regions in a shorter
period. Finally it has to be recalled that the spectral
methods are much more sensitive then the R-ratio
method and that they are better suited to testing
the Active MSW-SMA region.
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Table 9
The R-ratio range, the level of exclusion and the minimal exposure time for one module-year

Solution region R Exclusion level Minimal exposure
(one module-year)

Active MSW-SMA 1.0}1.1 Nearly complete 4

Active MSW 1.1}1.3 Only the largest mixing side '1
Extended SMA

Active MSW-LOW 1.1}1.3 Complete '1

Active MSW-LMA 1.3}1.9 Complete 1

Active MSW 1.2}2.3 Complete 1
Extended LMA

Active JustSo 0.8}1.0 Partial '1

Active JustSo 1.0}2.0 Partial '1

Sterile MSW-SMA 0.8}0.9 Complete 1

Sterile MSW 0.6}0.8 All the higher mixing angle side 1
Extended SMA

Sterile MSW 0.6}1.0 Complete '1
Extended SMA

Table 10
The one-sigma relative uncertainty for R as a function of the
years of exposure time, together with the limits of the one-sigma
exclusion region

Exposure *R/R% R
.*/

R
.!9

1 10.6 0.89 1.11
2 7.5 0.92 1.08
4 5.3 0.95 1.05
8 3.8 0.96 1.04
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